Low-field magnetoresistance is an effective and energy-saving way to use half-metallic materials in magnetic reading heads and magnetic random access memory. Common spinpolarized materials with low field magnetoresistance effect are perovskite-type manganese, cobalt, and molybdenum oxides. In this study, we report a new type of spinel cobaltite materials, self-assembled nanocrystalline NiCo 2 O 4 , which shows large low field magnetoresistance as large as -19.1% at 0.5 T and -50% at 9 T (2 K). The large low field magnetoresistance is attributed to the fast magnetization rotation of the core nanocrystals. The surface spin-glass is responsible for the observed weak saturation of magnetoresistance under high fields. Our calculation demonstrates that the half-metallicity of NiCo 2 O 4 comes from the hopping e g electrons within the tetrahedral Co-atoms and the octahedral Ni-atoms. The discovery of large low-field magnetoresistance in simple spinel oxide NiCo 2 O 4 , a nonperovskite oxide, leads to an extended family of low-field magnetoresistance materials.
Introduction
The magnetoresistance (MR) effect of ferromagnets has attracted considerable attention because it can be used in spintronic (spin transport electronics) applications, including magnetic reading heads, magnetic sensors, spin-valves and magnetic random access memory devices. [1] To optimize and maximize the MR ratio, the carriers in ferromagnets should be spin-polarized or -in other words -half-metal. [2] In most half-metals, however, a large magnetic field is required to generate large MR. For example, magnetic fields of several tesla are required to suppress the thermal magnetic disorder and obtain the colossal magnetoresistance of doped manganite. In half metallic spinel Fe 3 O 4 the MR is linearly proportional to the magnetic field, indicating a moderate MR ratio (about -10% to -20%) at very high magnetic fields. [3] To advance their use in commercial applications, much research has been devoted to study the low field magnetoresistance (LFMR) in several spin-polarized nanocrystalline materials. [4, 5] Spin-polarized materials are mainly perovskite-type manganese, [5, 6] cobalt, [7] and molybdenum oxides. [8] Compared to the widely investigated perovskite, half-metallic spinel oxide has some outstanding characteristics such as its relative abundance and also its high Curie temperature. The latter is typically 860 K for Fe 3 O 4 . [9] On the other hand, both the poor conductivity at low temperature and small LFMR of nanocrystalline Fe 3 O 4 (-10% at 200 K) limits its performance in practical applications. [10] Hence, there is strong motivation to search for large LFMR in spinel oxides. Unlike the widely investigated iron-based spinel oxides, cobalt-based spinel oxides are rarely studied in spintronics. The spinel cobaltite, ferrimagnetic ordered (Co are distributed across both octahedral and tetrahedral (A) sites with a lattice constant of 8.114 Å. [11] Because of its superior conductivity (epitaxial film: ρ 300K =800 µΩcm), [12] spinel NiCo 2 O 4 has potential uses in various areas and commercial applications like electrocatalytic activity, [13] water electrolysis, [14] negative electrodes of lithium-ion batteries, [15] photodetectors and transparent conducting oxides. [16, 17] Compared to the excellent and well-known ability to store energy electrochemically, [18] the magnetotransport property of NiCo 2 O 4 in spintronics is yet to be studied and exploited. In our study, we found a large LFMR of -20% at 0.5 T and -50% at 9 T in self-assembled nanocrystalline NiCo 2 O 4 , a non-perovskite system. We also demonstrate the feasibility of multifunctional spinel oxide NiCo 2 O 4 to be used in spintronic applications, thereby adding a new member to the family of LFMR materials.
Results and Discussion
The X-ray diffraction (XRD) pattern of as-synthesized NiCo 2 O 4 is shown in Figure 1a .
All diffraction peaks are consistent with the standard NiCo 2 O 4 spinel structure without secondary phases. The stoichiometry of cations is confirmed by energy dispersive spectroscopy in connection with a scanning electron microscope (SEM) and transmission electron microscope (TEM). The crystal structure is shown in Figure 1b According to a "building block" of 10 nm grain size, the magnetic anisotropic constant K of NiCo 2 O 4 is estimated: [19, 20] 0 ln( / ) 25 . This is consistent with the literature value for monodispersive NiCo 2 O 4 nanoparticles. [22] The magnetic hysteresis loops at different temperatures are shown in Figure 2b . At high magnetic fields all loops show weak saturation. As the temperature decreases, the superparamagnetism becomes ferromagnetism reaching a magnetic moment of 1.54 µB/f.u. (34.69 emu/g) at H=5 T and T=2 K. A value of 2.0 µB/f.u. has been reported previously. [11] The small deviation from the literature value may be explained by the nanocrystalline morphology in our sample. The MR saturates at high fields, leading to a MR ratio of -50% at 9.0 T. The magnetic moments in both the nanoparticle bulk and surface spin-glass could cause the observed LFMR and weak saturation of MR at high magnetic fields. We find that by increasing the temperature the LFMR decreases gradually (Figure 3b ). In epitaxial NiCo 2 O 4 films the MR is negligible (-2% at 1 T). [12] To better understand the LFMR we measured the temperature dependent resistivity of NiCo 2 O 4 . Figure 3c and 3d show resistivity as a function of T Supplementary Information, Figure S1 ). The crystallinity and ∝ , [24] where ϕ is the angle between the directions of magnetization of two adjacent grains. To better understand the large LFMR and the magnetic behaviour in general, we compare the magnetic field dependent normalized MR and which is attributed to strong antiferromagnetic coupling across atomic boundaries, antiphase boundaries (APBs). [3, 25] Usually, this type of cation dislocation is observed in epitaxial films during the nucleation and coalescence of islands. It is caused by the relative low crystal symmetry of spinel (Fd3m) compared to the substrates. It is the antiferromagnetic coupled APBs that flip the spin of hopping electrons and decrease the spin polarization largely. [3] To our surprise, APBs were observed in the annealed NiCo 2 O 4 nanocrystals. Figure S6 ).
Because of the observed large LFMR in nanocrystalline NiCo 2 O 4 we wanted to find out whether it is a half-metal in nature or not. After geometric optimization with the appropriate Hubbard correction parameters U eff =1.5 (Ni) and 5.5 (Co) eV, [26] the calculated lattice parameter is 8.152 Å which is consistent with the measured value of 8.11 Å. and Co (A sites). Furthermore, the calculated moment is an integer and 2 µB/f.u, which perfectly agrees with our experimental results as well as previously reported values.
[11]
The calculation results indicate that NiCo 2 O 4 is a half-metal.
Conclusions
In summary, a rather large LFMR was observed in self-assembled nanocrystalline Characterization of Structure and Physical Properties: The structure was analysed by x-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The magnetic properties were measured using a magnetic property measurement system (SQUID-VSM, Quantum Design). The transport properties ewere studied through cold-hydraulically pressing self-assembly nanocrystalline NiCo 2 O 4 into a pellet (5×5×1 mm) at a pressure of 2.322 GPa. The magnetotransport properties were measured with a physical property measurement system (Dynacool, Quantum Design).
Experimental Sections
Calculation method: Calculations made within the framework of density function theory were performed using the Vienna Ab-initio Simulation Package. [27] The wave functions of the inner electrons consisting of orbitals up to (and including) the 3p levels for A and B as well as the 1s level for O were described by the projector augmented wave method (PAW). [28] Calculations were carried out on a spinel cubic cell containing 56 atoms (8 A and 16 B and 32 O) in the reciprocal space of the cell and computed with a Monkhorst-Pack grid of 4×4×4 k points. [29] The optimized parameters of the 56-atom highly symmetrical unit cell were
Hubbard corrected ( U eff =5.5 (Ni) and 1.5 eV (Co)).
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